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Introduction
Solid oxide fuel cells (SOFCs) (ref. 1) are being developed for a broad range of applications including portable electronic devices, automobiles, power generation, aeronautics, etc. The salient features of SOFC are all solid construction and high-temperature electrochemical reaction based operation, resulting in clean and efficient power generation from a variety of fuels. SOFCs of two different designs, tubular and planar, are currently under development. Planar SOFCs offer several advantages such as simple manufacturing and relatively short current path resulting in higher power density and efficiency. However, planar SOFCs require hermetic seals to separate and contain fuel and oxidant within the cell and to bond cell components together. The requirements for SOFC sealing materials are severe since the cells will operate at 600 to 1000 °C for thousands of hours, with sealing materials exposed to both oxidizing and reducing conditions. The seals must be chemically and mechanically compatible with different oxide and metallic cell components and should be electrically insulating. Also, they must survive cycling between room and operational temperatures. Various glass and glass-ceramics based on borates, phosphates and silicates are being examined (refs. 2 to 8) for SOFC seals. Silicate glasses are expected to perform superior to the borate and phosphate glasses. A barium calcium aluminosilicate (BCAS) glass composition appears to be quite promising (ref. 2) . Chemical compatibility of this BCAS glass with metallic interconnects has been investigated (refs. 9 and 10).
The main objective of the present work was to investigate the crystallization kinetics of the BCAS glass. Another objective was to study the formation of crystalline phase(s) in the glass under conditions which are similar to those at which the solid oxide fuel cell is sealed and operated.
Experimental Methods
A barium calcium aluminosilicate (BCAS) glass of composition (mol %) 35BaO-15CaO-5Al 2 O 3 -10B 2 O 3 -35SiO 2 was obtained in the form of powder and frit from a commercial vendor. The glass powder had an average particle size of 14.2 µm.
Crystallization kinetics of the BCAS glass were studied by differential thermal analysis (DTA) using a Netzsch STA 409C system interfaced with a computerized data acquisition and analysis system. Glass samples were contained in alumina cups. DTA scans were recorded from room temperature to 1000 to 1100 °C in flowing dry argon at various heating rates of 2 to 40 °C/min. Glass transition temperatures (T g ) and crystallization peak maximum temperatures (T p ) were obtained from the DTA scans.
The development of crystalline phases in the BCAS glass was investigated by isothermal heat treatments of bulk and powder samples in an electric furnace in air. The samples were heat treated for 1 to 100 h at various temperatures from 700 to 1000 °C. Phases crystallizing in the heat treated glasses were identified from powder x-ray diffraction (XRD) patterns recorded at room temperature using a step scan procedure (0.03°/2θ step, count time 0.4 s) on a Philips ADP-3600 automated diffractometer equipped with a crystal monochromator employing Copper K α radiation.
Microstructures of the polished cross-sections of heat treated glass specimens were observed using a JEOL JSM-840A scanning electron microscope (SEM). Prior to analysis, a thin layer of Pt or carbon was evaporated onto the SEM specimens for electrical conductivity. Qualitative x-ray elemental analysis of various phases was carried out using a Kevex Delta thin window energy dispersive spectrometer (EDS) and analyzer.
Theoretical Background
The kinetics of phase transformation, such as crystallization of a glass, at a constant temperature can be described by the Johnson-Mehl-Avrami (JMA) equation (refs. 11 and 12) :
where x is the volume fraction of the glass crystallized after time t, n is the dimensionless Avrami exponent which is related to the morphology of crystal growth, and k is the reaction rate constant. The temperature dependence of k (at least within narrow temperature ranges) can be expressed by the Arrhenius equation:
where E is the effective overall activation energy for the transformation process, υ is an effective frequency factor which is a measure of the probability that a molecule having energy E participates in the transformation, R is the gas constant, and T is the absolute reaction temperature. During a non-isothermal DSC or DTA scan, the sample temperature changes linearly with time at a rate θ (= dT/dt):
where T i is the initial temperature. In eq.
(1) the right-hand side corresponds to growth in volume of crystal nuclei. However, for the non-isothermal case the rate constant changes continuously with time due to the changing temperature, so that the JMA relation must be written as:
If at each temperature, the deflection of the DSC or DTA trace from its baseline is proportional to the instantaneous crystallization rate (Borchard assumption (ref. 13) ), then the rate of sample transformation is maximum at the peak of the crystallization exotherm. Bansal et al. (refs. 14 to 16) have earlier shown that the temperature T p of the crystallization peak changes with heating rate θ according to the relation:
Hence a plot of ln(T p 2 /θ) versus 1/T p should be linear with a slope of E/R and an intercept [ln(E/R) -ln υ]. Equation (5) is based on the assumption that at the temperature corresponding to the maximum in the crystallization exothermic peak, the degree of crystallization attains the same specific value independent of the heating rate. Earlier studies have shown that the crystallization kinetic parameters obtained by isothermal and non-isothermal DSC using eq. (5) are in good agreement, particularly when both studies are carried out in the same temperature range.
Values of the Avrami parameter n can be evaluated from the non-isothermal data using an expression derived by Piloyan et al. (ref. 17) which is valid in the range 0 < x < 0.2:
where (∆y) is the vertical displacement at temperature T of the DSC or DTA crystallization exotherm from the baseline. The Avrami parameter n gives an indication of the crystal growth mechanism in the glass.
Experimental Results

Physical Properties of Glass
Chemical composition of the BCAS glass and some of its physical, thermal and mechanical properties are listed in table I. The T g value of 619 °C for this glass is below the SOFC operating temperature. The coefficient of thermal expansion (CTE) of this glass (10.5 -11.8 x 10 -6 /°C) is in the same range as the CTE of other SOFC components: cathode, anode, electrolyte, and interconnect. 
Crystallization Kinetics by DTA
DTA scans for BCAS glass were recorded at various heating rates from 2 to 40 °C/min. Typical scans at heating rates of 10 and 40 °C/min are shown in figure 1 (a) and (b) , respectively. The first endothermic peak at ~650 to 680 °C is due to the glass transition and the broad exothermic peak is due to crystallization of the glass. The second endothermic peak at ~940 to 1000 °C is from the melting of crystalline phases and residual glass. Influence of scan rate on crystallization peak temperature (T p ) is given in table II. 
Crystal Phase Development by X-ray Diffraction
The results of crystal phase development in BCAS glass after heat treatments at various temperatures between 700 to 1000 °C for different times are summarized in table III. BaSiO 3 is the first phase to crystallize out in this glass. This is followed by the formation of hexacelsian BaAl 2 Si 2 O 8 . The BaSiO 3 and hexacelsian were the primary crystalline phases whereas monoclinic celsian (BaAl 2 Si 2 O 8 ) and (Ba x Ca y )SiO 4 were also detected as minor phases. Needle-shaped BaSiO 3 crystals are formed first followed by the formation of other phases at longer times of heat treatments. Crystallization occurred most rapidly at 800 °C. After 1000 °C heat treatment, all samples were totally amorphous. 
100 X X X X 10 X X X 900 100 X X X 10 X 1000 50 X Figure 2 shows the SEM micrographs at various magnifications taken from a glass specimen heat treated for 5 hr at 800 °C. Backscatter SEM micrographs taken from polished cross-sections of glass specimens heat treated at 800 °C for different times are shown in figure 3 . Barium silicate is first seen as white long elongated crystals growing in the amorphous material in the sample heated for 1 hour. After five hours, hexacelsian becomes visible as darker needle shaped crystals in the amorphous material. The dark round regions are alumina. Gray smooth areas are the residual amorphous glass phase consisting of barium-calcium aluminosilicate. The chemical compositions of various phases were confirmed using EDS analysis. The micrographs of samples heat treated for 10 and 40 hours show the crystals of various phases growing and impinging on each other. SEM micrographs of glass samples heat treated for 100 hr at 750, 800 and 850 °C are presented in figures 4, 5, and 6 respectively. SEM micrograph and x-ray dot maps of various elements from the polished cross-section of BCAS glass heat treated at 800 °C for 1 hr is shown in figure 7 . A number of phases are present. Bright elongated dendrite shaped crystals consist of BaSiO 3 . The dark region in the middle is identified as Al 2 O 3 .
Microstructure
Discussion
The crystallization peak maximum temperature is seen to increase with increase in heating rate (table  II) . The crystallization peak maximum in the DTA or DSC scans corresponds to the temperature at which the rate of transformation of the viscous liquid into crystals becomes maximum. When the crystalline phase has the same composition as the liquid, the transformation rate will depend on the density of crystallization sites. However, when the composition of the crystalline phase is different from that of the liquid, as in the present case, the rate of transformation will be controlled by the rate of diffusion through the viscous liquid and the number of crystallization sites to which diffusion can occur. If the number of nucleation sites is increased, e.g., by using slower heating rates, the peak maximum will occur at a temperature at which the melt viscosity is higher, i.e., at a lower temperature. This explains the increase in T p with the heating rate (table II) of n for various mechanisms based on zero or constant nucleation rate are given in table V. If the rate of nucleation is a function of time, so is n; n is higher for a constant nucleation rate than when the nucleation rate increases with time and lies between those for constant and zero nucleation rates when the nucleation rate decreases with time. The n value of 2.6 in the present study probably corresponds to the twodimensional growth of BaSiO 3 as XRD results indicated that this phase is formed first on heat treatment of BCAS glass. This is further supported by the SEM micrographs in figures 2 to 4 which show two dimensional growth of needle-shaped crystals of BaSiO 3 on heat treatment of the glass. 
Summary
Crystallization kinetics of BCAS glass have been studied by DTA. Crystallization activation energy was determined to be 259 kJ/mol. Development of crystalline phases in the glass, after isothermal heat treatments at various temperatures for different times has been investigated by x-ray diffraction and microstructural characterization. On heat treatment at 700 °C, BaSiO 3 crystallizes first from the glass. This is followed by the formation of hexagonal and monoclinic BaAl 2 Si 2 O 8 and barium-calcium silicate ((Ba x Ca y )SiO 4 ) phases when treated at higher temperatures and/or longer times. After 1000 °C heat treatment, the samples were totally amorphous.
Conclusions
Properties of the barium calcium aluminosilicate glass of this study are compatible with those of the solid oxide fuel cell (SOFC) components such as cathode, anode, electrolyte, and interconnects. This glass does not fully crystallize even after long term heat treatments at 750 to 900 °C, the operating temperature for SOFC. Devitrification of the glass seal over a long period of time during operation of the SOFC would generate thermal stresses in the seal and may have adverse effects on its mechanical performance. This may lead to cracking of the seal, resulting in mixing of the fuel and the oxidant gases.
